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Two Chromophore-Quencher Conjugates (CQCs) have been synthesized by covalent attachment of the anti-oxidant 
dibutylated-hydroxytoluene (BHT) to a pyrrole-BF2 chromophore (BOPHY) in an effort to protect the latter against 
photofading. In fluid solution, light-induced intramolecular charge transfer is favoured in polar solvents and helps to inhibit 
photo-bleaching of the chromophore. The rate of photo-fading, which scales with the number of BHT residues, is zero-order 
in polar solvents but shows a linear dependence on the number of absorbed photons. The zero-order rate constant shows 
an inverse correlation with the fluorescence quantum yield measured in the same solvent. Photo-bleaching in benzonitrile 
involves autocatalysis while reaction in cyclohexane shows an unexpected stoichiometry. NMR spectroscopy indicates initial 
damage takes place at the BHT unit and allows identification of a reactive hydroperoxide as being the primary product. In 
the presence of an adventitious substrate, this hydroperoxide is a photocatalyst for amide formation under mild conditions. 
Introduction 
Organic dyes tend often to degrade when subjected to prolonged 
exposure to white light. A common cause of such photo-fading 
is the transient formation of a triplet-excited state that reacts with 
molecular oxygen to form the highly reactive species known as 
singlet oxygen.1 The latter attacks unsaturated cyclic structures2 
and, although short lived in most solvents,3 reacts irreversibly to 
bleach the dye. However, inhibiting intersystem-crossing to the 
triplet manifold does not always eliminate photo-bleaching4 and 
it is clear that degradation of the chromophore can occur through 
other types of photochemistry. Some relief can be obtained by 
systematic engineering of the sample, including removal of 
oxygen, embedding in plastic and/or incorporation of filters. 
Addition of stabilizers or anti-oxidants can also be considered as 
a means to prolong the duty cycle of the chromophore. A 
somewhat similar approach is found in natural photosynthesis 
where carotenoids deactivate triplet-excited states5 and remove 
oxy-radicals.6 Indeed, in the light-harvesting antennae of green 
plants and photosynthetic bacteria, -carotene is employed as an 
anti-oxidant at very high concentration but this strategy is less 
attractive for artificial analogues. 
 The need for organic dyes that resist fading under 
illumination has been recognized for a very long time, as has 
been the realization that certain dyes promote the light-induced 
degradation of fabrics and other supporting media.7 This led to 
the early classification of dyes as being light-fast; this refers to 
dyes that do not fade under illumination and also cause little or 
no photo-tendering. The first real examination of the mechanism 
behind the photochemical damage caused by exposure of organic 
dyes to sunlight was reported by Bridge and Porter in 1958.8 
Using the newly developed flash photolysis technique, these 
authors showed that 9,10-anthraquinone dyes formed the highly 
reactive n,* excited triplet state under illumination. This meta-
stable species abstracts a hydrogen atom from any available 
source, thereby promoting both loss of dye and destruction of the 
host. The simple strategy of adding hydroxyl groups to the 1,4-
positions rendered the n,* triplet state impotent9 because of 
intramolecular proton transfer. The reactive n,* triplet state can 
also be deactivated by substituting electron donating groups at 
positions where intramolecular charge transfer is strongly 
favoured.10 Such observation exemplify early attempts to 
stabilize the dye against photo-fading but the majority of light-
fast dyes are identified by serendipity. 
 Recent advances in single-molecule microscopy11 and super-
resolution microscopy12 have fuelled interest in light-fast dyes. 
Here, there is a particular need for dyes that absorb and emit in 
the far-red region. Cyanine dyes, which are by far the most 
popular emitter used for such experiments, are well known to 
fade on exposure to visible light.13 This realisation has led to new 
strategies for protecting the dye against deleterious 
photochemical damage. For example, recent work by Cosa et 
al.14 has reported beneficial effects from addition of triplet 
quenchers that enter into light-induced electron-transfer 
reactions. A key feature here concerns spin conversion in the 
resultant geminate radical ion pairs. Related work15 has found an 
extended duty cycle for a conjugated polymer used in total 
internal reflection microscopy when certain triplet quencher 
additives are present. The importance of geminate recombination 
as a photoprotective protocol has also been stressed by Tinnefeld 
  
Scheme 1. Illustration of the methodology used to isolate the new Chromophore-Quencher Conjugates P1B and P2B. Reagents and Conditions: (i) hydrazine hydrate, 
3,5-dimethylpyrrole-2-carboxaldehyde, glacial AcOH, ethanol, RT, 1.5h; (ii) BF3·Et2O, DIPEA, toluene, 60 0C, 16h; (iii) 3,5-di-tert-butyl-4-hydroxybenzaldehyde, p-TsOH, 
piperidine, toluene, reflux to dryness twice; (iv) 1 atm. H2, 10% Pd/C, CH2Cl2, CH3OH, RT, 3h. The percentage yield is provided for each isolated compound. 
 et al.16 Here, single-molecule fluorescence spectroscopy has 
indicated improved levels of photostability using combinations 
of reagents, such as -mercaptoethanol and Trolox. These 
additives quench the triplet-excited state via diffusion-limited, 
electron-transfer reactions. Such strategies can result in greatly 
improved (i.e., >5,000-fold) levels of photochemical protection, 
leading to dyes that can emit in excess of 108 photons per 
molecule.17 
 A logical, but important, extension of the above research into 
the photoprotection of cyanine dyes involves direct attachment 
of the quencher to the chromophore. This type of covalently-
linked conjugate, where the additive is nitrobenzyl alcohol or 
Trolox, has been developed by Blanchard et al.18-20 and shown to 
provide high levels of protection. Somewhat related cyanine dye 
derivatives have been reported21 to give improved (>100-fold) 
photostability when two or more redox-active quenchers are 
attached to the chromophore. These latter conjugates have been 
described as self-healing and, as above, the primary target is the 
triplet-excited state. A more general approach, applicable to dyes 
other than cyanines, involves linking the dye to a photostabilizer 
and a biomolecular target via an unnatural amino acid.22 Such 
materials are suitable as fluorescent labels for DNA, antibodies 
and proteins for use with single-molecule microscopy. 
 Similar conjugates but with cyclooctatetraene as appendage 
operate by deactivating the meta-stable triplet-excited state by 
way of intramolecular triplet-triplet energy transfer.23 This latter 
system has considerable appeal because no charged species are 
formed as intermediates and there is less likelihood that toxic 
radicals will arise during reaction. Appended Trolox units appear 
not to act as triplet quenchers in the protective process18 and their 
precise role is still under investigation.24,25 
 Here, we describe a related system whereby the cyanine dye 
has been replaced with a symmetrical pyrrole-BF2 chromophore 
of the BOPHY class,26 introduced recently by Ziegler et al.27 
This chromophore absorbs at higher energy than the above 
cyanine dyes and it might be mentioned that concerns have been 
raised16 that the geminate recombination strategy might be less 
applicable for shorter wavelength emitters. Recent work26 has 
shown that simple BOPHY derivatives undergo slow 
photochemical degradation in aerated solution, with the rate of 
bleaching being dependent on the solvent. The triplet-excited 
state is not involved in the bleaching chemistry. Now, the 
BOPHY dye has been equipped with one or two dibutylated-
hydroxytoluene (BHT) residues. The latter is a lipophilic anti-
oxidant used to minimize the effects of attack by free 
radicals.28.29 It can be used at low concentrations in food 
products, where it is considered to be a synthetic analogue of 
vitamin E. The new chromophore-quencher conjugates (CQC) 
were built by attaching BHT to BOPHY via an ethylene chain 
(Scheme 1). This maintains the two units in close proximity but 
the spacer does not promote mutual electronic communication or 
indeed orbital contact between the terminals. 
 Considerable interest has been shown of late in developing 
unusual organic transformations by way of photosensitized 
catalysis.30,31 One such photosystem32 has used an organic 
sensitizer in conjunction with a BHT derivative to generate good 
yields for amidation of aromatic aldehydes by reaction with 
amines. Reaction relies on bimolecular interception of excited 
states and reactive intermediates. As such, it is interesting to 
establish if similar photoreactions can be initiated using the 
covalently-attached CQC and we have therefore examined the 
photo-driven oxidative amidation of 4-bromobenzaldehyde with 
pyrrolidine in solution. The reaction proceeds smoothly under 
white light illumination to give clean products in yields 
exceeding 75% conversion. The intermediate believed to be 
responsible for the photo-fading process provides the impetus for 
photocatalysis.  
 
  
Results and Discussion 
Synthesis and Characterisation 
A two-step approach was used to synthesize the target CQC 
derivatives (Scheme 1), abbreviated hereafter as P1B and P2B. 
The starting material, tetramethyl-BOPHY (TMBOPHY, 
referred to throughout as the parent dye) was synthesized26,27 in 
good yield by acid catalyzed condensation of 3,5-
dimethylpyrrole-2-carboxaldehyde with hydrazine to form the 
Schiff base, which was further reacted with BF3·(OEt)2 in the 
presence of N,N-diisopropylethylamine (DIPEA), as described 
before.33 It might be noted that a 3-fold reduction in the volume 
of the reaction filtrate in vacuo allowed isolation of the Schiff 
base ligand in higher yields (90% relative to 3,5-
dimethylpyrrole-2-carboxaldehyde) as compared to the literature 
procedure (i.e., 65%). Knoevenagel condensation of the parent 
dye with 3,5-di-tertiary-butyl-4-hydroxybenzaldehyde, using the 
method developed by Ziessel et al.,34 generated a mixture of 
mono- and bis-condensed products as indicated by TLC and 
mass spectrometry. After twice repeating the evaporation cycle, 
any additional reaction time led to increased amounts of side-
products, while employing the piperidine / acetic acid method in 
acetonitrile failed to give any significant conversion. The 
mixture was not purified at this stage due to the limited stability 
of the products during the attempted purification procedure. This 
situation was exacerbated by their similar RF values. Instead, the 
crude mixture was hydrogenated directly with H2 at 1 atm., 
employing 10% Pd/C as the catalyst. Chromatography on silica 
gel provided the desired mono- and di-substituted CQCs in 
reasonable global yield relative to the parent dye; P1B (31%) and 
P2B (14%).  
 The 1H-NMR spectra recorded for P1B and P2B (see 
Supporting Information) show the presence of peaks considered 
characteristic of both BHT and BOPHY units. The integral of the 
tertiary-butyl groups (1.4 ppm), hydroxyl (5.1 ppm), aromatic 
phenyl protons (7 ppm), and the ethylene bridge (two triplets at 
2.9 ppm and 3.1 ppm) is consistent, respectively, with one and 
two BHT subunits being attached to the BOPHY module. At the 
same time, the triplet splitting pattern found for protons assigned 
to the ethylene bridge confirm that the hydrogenation reaction 
was successful. A simple pattern of three singlets (at 6.2 ppm and 
8 ppm, respectively, for protons in β- and meso-positions and at 
2.3 ppm for the methyl protons) is found for the BOPHY core in 
the specific case of the symmetrical P2B molecule. In the case of 
P1B, the β protons are slightly split while the meso- and the 
methyl-protons are subjected to minor broadening. The [M-F]+ 
molecular ion pattern found in ASAP/APCI high-resolution 
mass spectra of P1B and P2B further corroborate the assigned 
structures (see Supporting Information for details). 
Photophysical properties of the CQC 
The presence of the appended BHT residue has only minor 
effects on the absorption, excitation and fluorescence spectral 
profiles of the BOPHY unit26,27 in either fluid solution or thin 
plastic films (Figure 1). There is no aggregation under these 
conditions. The absorption (ABS) and fluorescence (FLU) 
maxima are fairly insensitive to the nature of the solvent (Table 
Figure 1. Absorption (black curve), excitation (open circles) and fluorescence (red 
curve) spectra recorded for P1B in dichloromethane solution (upper panel) and a 
thin (ca. 400 micron) PMMA film cast from toluene (lower panel).  
1). Relative to the parent (i.e., TMBOPHY) compound, 
fluorescence from P1B is less pronounced, with the quantum 
yield (F) showing a general correlation with the polarity of the 
solvent as expressed in terms of the static dielectric constant (S).  
This behaviour is mirrored by changes in the excited-singlet state 
lifetime (S), which shortens with increasing polarity as 
illustrated by the data listed in Table 1. However, in certain polar 
solvents, such as acetonitrile, the time-resolved emission decay 
profiles could no longer be well explained35 in terms of a single-
exponential component. In these solvents, the quality of the fit is 
improved36 on invoking dual-exponential kinetics (see 
Supporting Information; Table 1). The same situation arises for 
P2B, where fluorescence quenching is somewhat more 
pronounced (Table 1). Again, the time-resolved emission decay 
profiles are well represented by single-exponential fits35 in non-
polar solvents but the fit becomes less satisfactory36 in polar 
solvents. The need to resort to dual-exponential kinetics is far 
from unusual when working with flexibly-linked dyads and is 
usually interpreted in terms of several families of non-
interconverting conformers.37,38 These distributions differ in 
their ability to effect intramolecular fluorescence quenching. 
One family gives rise to a short lifetime, presumably indicating 
close proximity of the reactants, while the second family is 
subject to much weaker quenching.  
 Comparable behaviour has been seen in many other cases and 
attributed to differences in the level of orbital contact between 
the reactants.39-41 With a short saturated connecting chain, it is 
difficult for the BHT group to approach near the BOPHY core, a  
 
 
 
  
Table 1. Summary of the photophysical properties recorded for the target CQCs in a range of solvents. 
(a) Singlet excited state lifetime derived by fitting the time-resolved emission decay profiles to either mono- or dual-exponential processes. In the latter case, the 
fractional amplitudes of the two lifetimes are given below the numerical value. (b) Butyronitrile. (c) Benzonitrile. (d) Propylene carbonate. (e) N,N-Dimethylformamide. 
(f) Dimethylsulfoxide.  
situation well known from exciplex emission studies with other 
dyads.42,43 It is also possible that hydrogen bonding between 
BHT and an appropriate solvents will affect the conformational 
distributions. Many factors related to the solvent (e.g., size, 
structure, polarity, functional groups, viscosity) combine to mask 
any simple correlation between the extent of fluorescence 
quenching and the nature of the solvent (Table 1). 
 We can explain the overall fluorescence quenching in terms 
of light-induced electron transfer between BOPHY and BHT. 
Indeed, cyclic voltammetry carried out in CH2Cl2 indicates that 
one-electron reduction of the BOPHY unit occurs with a half-
wave potential of -1.49 V vs Ag/Ag+ for both P1B and P2B.44 
This reduction process is not fully reversible and at slow scan 
rates (i.e., 100 mV/s) about 10% of the CQC (initial 
concentration 2 mM) is lost on each cycle. One-electron 
oxidation of the BOPHY unit can be recognized44 with half-wave 
potentials of 1.32 and 1.28 V vs Ag/Ag+, respectively, for P1B 
and P2B. These values are in accord with the limited literature 
data available for simpler BOPHY derivatives.44,45 
 The cyclic voltammograms indicate a two-electron oxidation 
wave for each BHT unit at peak potentials lower than found for 
oxidation of BOPHY. Thus, P1B shows an irreversible, two-
electron wave with a peak at 1.27 V vs Ag/Ag+ while P2B shows 
a four-electron wave peaking at 1.20 V vs Ag/Ag+. Even on fast 
scans (i.e., 5 V/s), these oxidation steps are electrochemically 
irreversible. Most likely, oxidation of the phenol is followed by 
rapid loss of the proton, as is known to occur for tyrosine46 and 
related phenols.47 The poor reversibility of these electrochemical 
steps precludes proper determination of thermodynamic driving 
forces for light-induced, intramolecular electron transfer 
occurring within the CQC. Nonetheless, the ordering of the 
potentials indicates electron transfer from BHT to the excited-
singlet state of BOPHY will be favoured in polar solvents.48 
Therefore, the solvent effect observed for F and S can be 
 P1B P2B 
Solvent ΦF S \ ns (a) λABS \ nm λFLU \ nm ΦF S \ ns (a) λABS \ nm λFLU \ nm 
C6H12 0.75 2.8 472 489 0.73 2.7 475 493 
CH2Cl2 0.74 2.8 470 490 0.71 2.7 471 493 
BuCN (b) 0.44 1.9 465 487 0.35 1.9 468 491 
BzCN (c) 0.67 1.9 472 495 0.65 2.6 475 497 
PC (d) 0.30 0.5 1.3 464 486 0.23  0.6 1.2 466 491 
22% 78% 27% 73% 
Acetone 0.32 0.9 1.7 464 487 0.23 0.4 1.4 466 490 
42% 58% 28% 72% 
CH3CN 0.25 0.5 1.5 461 485 0.17 0.4 1.1 463 489 
71% 29% 63% 37% 
DMF (e) 0.17 0.5 2.5 466 490 0.06 0.3 1.6 468 494 
89% 11% 92% 8% 
CH3OH 0.15 0.4 2.2 464 487 0.08 0.3 2.5 467 490 
89% 11% 96% 4% 
DMSO (f) 0.13 0.4 3.0 466 491 0.08 0.3 2.7 468 494 
89% 11% 94% 6% 
  
attributed, at least in the major part, to thermodynamic effects 
associated with intramolecular electron transfer.49 The 
significance of this finding is that interaction between the two 
subunits has to be taken into account when considering the 
mechanism for any subsequent photo-fading of the 
chromophore. It might be noted that such solvent effects are not 
observed for the parent fluorophore. 
 These CQCs differ from the earlier prototypes18,21,24,25 in as 
much as protection is aimed at the singlet-excited state, rather 
than the meta-stable triplet state. Quenching involves light-
induced charge transfer and is followed by rapid charge 
recombination within the geminate radical ion pair16 to restore 
the ground state (Scheme 2). Transient absorption spectroscopy 
did not resolve the presence of long-lived intermediates, nor 
indeed any sign of the triplet-excited state, a situation consistent 
with the rate of charge recombination exceeding that of charge 
separation. The latter is limited by the modest thermodynamic 
driving force and, at least in some conformations, by poor orbital 
contact. This circumstance is often observed with flexibly-linked 
dyads.38 It is notable that charge recombination does not lead to 
formation of the triplet-excited state (Scheme 2).16 Efficient 
charge recombination serves to deactivate the excited state and 
thereby provide protection against photo-fading. In order to 
establish the effectiveness of this mode of operation, kinetic 
studies were undertaken to monitor the rate of photo-bleaching 
of the CQC in fluid solution. 
Scheme 2. Representation of the photo-processes that follow from excitation of 
the BOPHY chromophore in the new CQCs: FL = fluorescence, CS = charge 
separation to form a geminate ion pair (CTS), CR = charge recombination to restore 
the ground state. Intersystem crossing to the triplet manifold is not observed.  
Photochemical bleaching in polar solvent 
Solutions of P2B in air-equilibrated polar solvents were 
illuminated with broadband light to simulate exposure to 
sunlight. Bleaching of the absorption profile occurs but there is 
no obvious indication for formation of a coloured product. 
Increased absorption does appear in the near-UV region and, at 
early times, isosbestic points are seen at wavelengths around 370 
nm. Two examples of this behaviour are shown as Figure 2 and 
further examples are given in the Supporting Information. Global 
analysis50 of the spectral data accompanying loss of the 
chromophore, using the entire wavelength window from 400 nm 
to 480 nm, allows the reaction kinetics to be evaluated. Thus, the 
rate of bleaching () at any wavelength was determined as a 
function of chromophore concentration. This rate, at any given 
Figure 2. Progressive photo-bleaching observed for P2B in air-equilibrated (a) 
acetonitrile and (b) butyronitrile under broadband illumination. Absorption 
spectra were recorded at frequent intervals up to 100 hours continuous exposure. 
time, depends on the total light intensity (I0) and on the fraction 
of light absorbed by the chromophore (IABS). The latter term 
depends on the chromophore concentration as indicated by 
Equation 1.51 In polar solvents, notably acetonitrile, 
butyronitrile, acetone and DMF, it is found that the reaction rate 
is quite insensitive to the chromophore concentration, at least 
over most of the bleaching profile (Figure 3). This indicates that 
the reaction is essentially zero-order with respect to 
chromophore concentration but is linearly dependent on the 
number of photons absorbed. Under these conditions, the rate of 
bleaching is controlled entirely by the light flux (Equation 2). 
This allows estimation of a pseudo-zero-order rate constant (k0), 
which is the rate constant under standardised incident light 
intensity (i.e., I0 = 1), as illustrated by Figure 3. The derived k0 
values are collected in Table 2. It was observed that P1B 
followed similar behaviour but with somewhat slower rates of 
bleaching. 
 
                         𝐼𝐴𝐵𝑆 = 1 − 10
−𝜖[𝑃2𝐵]                    (1) 
 
                        𝜔 = 𝐼0 × 𝐼𝐴𝐵𝑆 × 𝑘0 × [𝑃2𝐵]
0     (2) 
 
 An important variation is found in benzonitrile solution 
where it will be recalled fluorescence quenching is less 
noticeable than for the other polar solvents. Here, the rate of 
photo-bleaching () increases slightly at early times before 
reaching a plateau. On longer exposure times, the rate begins to 
decrease (Figure 4). As above, bleaching of the BOPHY 
chromophore does not lead to the appearance of a relatively 
stable product that absorbs in the visible region. The rate of 
bleaching is consistent across the entire 400-480 nm spectral 
window. The shape of the rate vs concentration plot exhibits the  
 
 
  
Figure 3. Effect of chromophore concentration on the light-intensity corrected 
rate of photo-bleaching for P2B in air-equilibrated (a) acetonitrile and (b) 
butyronitrile. The horizontal lines drawn through the higher concentration data 
correspond to the averaged zero-order rate constants. 
Figure 4. (a) Progressive photo-bleaching observed for P2B in air-equilibrated 
benzonitrile under broadband illumination. (b) Kinetic fit to the autocatalytic 
expression given as Equation 3 with the parameters mentioned in the text. The 
inset shows how the light-intensity corrected rate of bleaching depends on P2B 
concentration in an analogous manner to that illustrated in Figure 3.  
general appearance of that expected52,53 for an autocatalytic 
process. Indeed, the reaction kinetics, again treated in terms of 
global analysis across the 400-480 nm window, fit nicely to 
Equation 3.54 Here, k1 (= 0.070 h-1) is a first-order rate constant 
attributed to a chemical reaction that forms an autocatalytic 
species and kAC (= 0.0084 M-1 h-1) is the corresponding 
bimolecular rate constant for autocatalysis (Table 2). At high 
conversion, the rate of reaction decreases due to the scarcity of 
substrate and the linear fit to Equation 3 becomes lost.  
 
𝜔
[𝑃2𝐵]
= (𝑘1 + 𝑘𝐴𝐶[𝑃2𝐵]0) − 𝑘𝐴𝐶 [𝑃2𝐵]            (3) 
 There is a general trend for the derived rate constant, k0, 
attributed to the photo-bleaching step to increase with decreasing 
Table 2. Summary of the derived rate constants for the photo-bleaching of P2B in various 
air-equilibrated solvents. 
Solvent S F Rate constant 
C6H12 2 0.73  
BzCN (a) 26 0.65 1.5 (d, e) 
BuCN (b) 20.7 0.35 0.78 (d) 
acetone 20.7 0.20 0.75 (d) 
CH3CN 37.5 0.17 0.60 (d) 
DMF (c) 36.7 0.06 0.60 (d) 
(a) Benzonitrile. (b) Butyronitrile. (c) N,N-Dimethylformamide. (d) Refers to the 
pseudo-zero-order rate constant having units of M h-1 (see inset to Figure 4). (e) 
Fit is improved using the autocatalysis expression given as Equation 3. 
Scheme 3. Representation of the processes that follow from excitation of the 
BOPHY chromophore in the new CQCs: FL = fluorescence, CS = charge separation 
to form a geminate ion pair (CTS), CR = charge recombination, BL = bleaching, SH 
= self-healing. The notation B-BHT~ is used to indicate the “stable” product that 
promotes further bleaching of the chromophore, later identified as being the 
hydroperoxide.  
solvent polarity (Table 2), although the variation is modest. 
Moreover, a clear correlation exists between the fluorescence 
quantum yield and k0 in polar solvents. When considered in 
terms of the solvent dielectric constant (S), benzonitrile gives an 
anomalously high fluorescence quantum yield and a surprisingly 
high rate of photo-fading. This can be explained in terms of -
stacking between the chromophore and the phenyl ring of the 
solvent as was observed previously by NMR spectroscopy with 
toluene and the parent BOPHY.26 This transient alignment of 
solvent and chromophore would force the appended BHT residue 
away from the chromophore. The resultant “open” conformation 
is less amenable to light-induced electron transfer because of the 
increased separation. Hence, intramolecular charge transfer is 
switched off and the consequent protection is lost. Indeed, the F 
found for benzonitrile approaches that observed in cyclohexane 
solution. 
 We interpret this overall behaviour in terms of Scheme 3, 
where excitation of the BOPHY chromophore leads to transient 
population of a radical ion pair due to light-induced charge 
transfer from BHT to BOPHY.55 Rapid geminate recombination 
restores the ground state but, according to the cyclic voltammetry 
results, a minor fraction of the oxidized BHT fragment 
undergoes irreversible chemical transformation. Most likely, this 
reaction is initiated by loss of the phenoxyl proton from the BHT 
-radical cation.56 It is this deprotonation that breaks the 
recycling step and leads to formation of an oxy-radical.57 The 
corresponding BOPHY -radical anion is rapidly re-oxidized by  
 
 
 
  
Figure 5. Formation of P1B-OOH and associated changes in the 1H-NMR spectrum of P1B in acetone-d6 after illumination with white light. *Peak intensities in the 1–1.5 
ppm region are decreased by a factor of 5-fold for a clearer image. 
molecular oxygen (vide infra). The fate of the oxy-radical, which 
leads to formation of one or more products that promote further 
bleaching of BOPHY, was explored by NMR spectroscopy (vide 
infra). In this proposed scheme, escape from the geminate ion-
pair plays a key role in the overall process. This is evident from 
the link between F and k0 and is confirmed by the situation 
outlined for benzonitrile. Increasing the oxygen concentration 
has no real effect on the reaction kinetics. In the absence of 
oxygen, bleaching occurs slowly but by a different mechanism. 
 The course of reaction for P1B in acetone-d6 was followed 
by 1H-NMR spectroscopy (Figure 5). Illumination causes clean 
conversion to an intermediate species within a few hours. It is 
clear that most of the chemistry is associated with the BHT 
residue. Thus, the proton from the hydroxyl group (a) is shifted 
downfield by about 5 ppm to what looks like a hydroperoxide 
peak (δ = 10.9 ppm).58 At the same time, protons from phenyl 
(b), ethylene bridge (c) and tertiary-butyl moieties (d) show 
shifts on the order of 0.15 to 0.8 ppm. This is in agreement with 
the formation of a 4-hydroperoxycyclohexa-2,5-dien-1-one ring 
due to reaction of the BHT radical and the hydroperoxyl radical 
(Figure 5). Additional proof is provided by the peak at m/z = 611 
found in high-resolution nano-ESI mass spectrometry, that 
matches well with the [M+Na]+ molecular ion pattern (see 
Supporting Information). Conversion to the hydroperoxyl P1B-
OOH is quite selective, reaching 90% yield at modest conversion 
of starting compound. This falls to 70% at full consumption, 
possibly reflecting the high reactivity of the resultant P1B-OOH 
species. These NMR studies indicate that little damage occurs at 
the BOPHY site during the initial phase but continued 
illumination leads to the formation of multiple products, as is 
evidenced by the appearance of many new peaks and broadening 
of the entire spectrum. 
 The quantum yield for the overall bleaching process is kept 
low by the high level of reversibility of the initial charge-transfer  
Scheme 4. Representation of the effect of added DABCO (DAB) on the photo-
processes that follow from excitation of the BOPHY chromophore in the new 
CQCs.  
 
  
process. Short illumination of P2B in aerated acetonitrile 
solution at 390 nm allows estimation of the quantum yield for the 
bleaching of the BOPHY chromophore as being on the order of 
10-7. Laser flash photolysis of P1B, with excitation at 355 nm, 
confirms the high level of reversibility of the primary 
photochemical step. Under such conditions, most of the signal 
corresponding to ground-state absorption by the BOPHY 
chromophore recovers within the excitation pulse. A small 
fraction recovers on a much slower timescale with a half-life of 
ca. 300 ns in air-equilibrated acetonitrile. This latter process is 
attributed to re-oxidation of the BOPHY -radical anion by 
molecular oxygen. The activation energy measured for the 
overall bleaching in air-equilibrated DMF was found to be 9.2 
kJ/mol, which is comparable to the temperature dependence for 
the viscosity of this solvent.59 
 A number of trapping studies were attempted. Thus, the 
typical quenchers DMPO (a spin trap60 that reacts with O-centred 
radicals) and DABCO (which, among other reactions, is a 
quencher61,62 for singlet oxygen) were added at 1 mM 
concentration to solutions of P2B in acetonitrile. Addition of 
DABCO was seen to exacerbate the bleaching while DMPO had 
an initial inhibiting effect on the rate of photo-fading but later 
catalysed loss of the chromophore. It is considered that DMPO 
intercepts the initially formed phenoxyl radical but this 
beneficial effect is soon lost as reactive products emerge. It was 
also found that DABCO caused dynamic fluorescence quenching 
due to light-induced electron transfer.63 Transient absorption 
spectroscopy was used to show that, at high concentrations (i.e., 
0.1 M) of DABCO, the intramolecular electron transfer is 
replaced by an intermolecular reaction (Scheme 4). Now the 
radical ion products recombine rapidly within the geminate ion 
pair without separation.14,16,18,64 This latter reaction provides 
stabilisation against photo-fading but is far from being practical 
because of the high concentrations needed. 
Photo-bleaching in nonpolar solvents 
Due to thermodynamic restrictions,65 it is unlikely that light-
induced intramolecular electron transfer will be effective in non-
polar media. Nonetheless, photo-bleaching occurs quickly under 
these conditions (Figure 6), again without formation of coloured 
products. There is, however, a partial accumulation of products 
absorbing in the near-UV region. Global analysis of the kinetic 
data acquired over the 420-490 nm window indicates that the 
bleaching chemistry might be more complex than found in polar 
solvents. For both CQCs in air-equilibrated cyclohexane, 
illumination with broadband light induces a relatively fast 
reaction that causes only a minor change in the absorption 
spectral profile. The absorption data, corrected for minor 
changes in the fraction of light absorbed by the chromophore,66 
fits well to first-order kinetics over the early stage of reaction. 
The corresponding first-order rate constants (k1) are 0.015 and 
0.008 h-1, respectively, for P1B and P2B. It is noticeable that this 
initial phase of the reaction persists far longer for P2B than for 
P1B. The implication is that the BHT residue is involved in the 
process. Following this initial reaction, the rate of photo-
bleaching increases to a maximum before decreasing as the 
course of reaction continues (Figure 7). The parabolic form of 
the rate vs conversion profile is as might be expected52-54 for an 
autocatalytic process, as already noted for benzonitrile solutions. 
Figure 6. Progressive photo-bleaching observed for (a) P1B and (b) P2B in air-
equilibrated cyclohexane under broadband illumination. Absorption spectra were 
recorded at frequent intervals up to 105 hours continuous exposure.  
 It is apparent from examination of Figure 6 that the bleaching 
process is far from complete. Indeed, the rate of photo-bleaching, 
, reaches an optimum value before decreasing with increasing 
reaction time but not ceasing altogether. The extent of bleaching 
is significantly more pronounced for P2B than for P1B, again 
fully consistent with the idea that the BHT residue is involved. It 
appears that the bleaching chemistry enters the dormant phase at 
precise conversion fractions. For P1B, this corresponds to ca. 
50% conversion to the bleached form while the conversion 
fraction is ca. 75% for P2B. Such behaviour must be indicative 
of the bleaching mechanism and allows definition of the reaction 
stoichiometry as follows:  
 In cyclohexane solution, illumination of P1B leads to the 
relatively fast conversion to a product whereby the BHT residue 
has been chemically modified. It is tempting to raise the 
likelihood that this involves formation of the hydroperoxide but 
we do not have experimental support for this claim. The modified 
form is designated as B-BHT on Scheme 5, where B is used to 
designate BOPHY. It has an absorption profile similar to that of 
the starting chromophore. Two B-BHT residues react together 
 
  
to bleach one of the chromophores and to render the second 
chromophore intact but with the BHT residue deactivated 
(designated as B-X on Scheme 5). For P2B under the same 
conditions, illumination leads to successive modification of the 
two BHT residues followed by similar chemistry to that outlined 
for P1B (Scheme 5). The net result is that this type of photo-
bleaching will account for 50% of P1B but 75% of P2B. A key 
feature of this scheme is that B-BHT does not attack the 
chromophore directly but bleaching occurs only after diffusional 
approach of two B-BHT residues. 
Figure 7. Evolution of the reaction rate as a function of the degree of bleaching for 
P1B (filled circles) and P2B (open circles) in air-equilibrated cyclohexane under 
broadband illumination. 
Scheme 5. Outline of the reactions proposed to account for the bleaching 
stoichiometry observed for P1B and P2B in cyclohexane solution. The symbol B’ is 
intended to describe a bleached chromophore where X refers to a damaged BHT 
residue that cannot recycle.  
 Figure 7 shows how the rate of bleaching evolves as a 
function of the extent of bleaching (i.e., the loss of colour). The 
reaction corresponds to the simple scheme given as an inset to 
the Figure. The first-order process, which leads to only a small 
degree of bleaching, occurs with a rate constant of k1, as 
described above. In principle, the full reaction profile can be 
evaluated to obtain an estimate for the second-order rate constant 
but this is not straightforward and requires specialised kinetics 
treatments,67 especially for P2B. The idea that a substantial 
fraction of the CQC is recycled in a form that lacks a reactive 
BHT residue represents an unusual type of self-healing.18-21 
Figure 8. Absorption spectra recorded during the course of photo-bleaching of (a) 
P1B and (b) P2B dispersed in a thin film of PMMA. The illumination source was 
light white and the films were cast from toluene. Spectra were recorded at regular 
intervals up to 60 hours. 
Photo-bleaching in thin plastic films 
To further assess the significance of the bimolecular bleaching 
step identified above, samples of the CQCs were prepared after 
incorporation into thin (ca. 400 micron) PMMA films prepared 
by casting from toluene. The dielectric constant68 of these films 
is similar to that of cyclohexane although the concentration of 
dissolved oxygen and the diffusion coefficients of the solutes are 
likely to differ markedly from those for fluid solution. Under 
illumination, the plastic-bound CQCs bleach as in solution 
(Figure 8). Again, the entire spectral envelope fades under 
exposure to white light and there is no clear indication for the 
transient formation of a coloured intermediate. Global analysis 
of the bleaching data indicates that loss of chromophore is well 
described in the form of two successive first-order reactions 
(Figure 9). The faster step accounts for about 12% of the 
chromophore and occurs with half-lives of 2.0 h and 2.6 h, 
respectively, for P1B and P2B. The slower step takes place with 
half-lives of 160 h and 270 h, respectively. These reaction half-
lives are corrected for the number of photons absorbed but it 
might not be wise to make a direct comparison of the derived 
values with those from solution. The important point, however, 
is that the bimolecular process is inhibited in the film and 
replaced by a slow unimolecular step. 
Photocatalytic amidation 
Organic hydroperoxides69 can be considered as relatively strong 
oxidants useful for driving certain organic transformations.70 
With this in mind, we examined the possibility to trap the in situ 
formed BHT-OOH species in order to promote amide synthesis32  
between an aldehyde and an amine through oxidation of the 
intermediate α-hydroxyamine. The amide functional group plays  
 
 
 
  
Figure 9. Kinetic profiles recorded for photo-bleaching of the CQC in a thin PMMA 
film where diffusion is severely limited. The solid lines drawn through the data 
points correspond to fits to two successive first-order reactions, with the 
parameters given in the text. 
a critical role in both organic and, more importantly, bioorganic 
chemistry and it is recognised71-74 that direct amidation of 
aldehydes avoids the additional oxidative step. Thus, when the 
above photo-bleaching reaction is carried out in the presence of 
4-bromobenzaldehyde (30 mM), pyrrolidine (90 mM) and 1 
mol% P2B, formation of (4-bromophenyl) (pyrrolidin-1-
yl)methanone takes place (Scheme 6). Performing the reaction in 
acetonitrile gives only 5% conversion before P2B is completely 
bleached. Changing the solvent to the less polar dioxane 
increases the yield to over 49% relative to the starting aldehyde.  
 Excess pyrrolidine leads to faster bleaching of the 
photocatalyst and thus lower overall reaction yields for amide 
synthesis. Absorption and fluorescence spectroscopy indicates 
that it is depletion of the photocatalyst that causes the reaction to 
stop prematurely. Consequently, increasing the amount of 
photocatalyst to 2 mol% leads to complete consumption of the 
starting material within 24 h and with a selectivity of 75% for the 
formation of (4-bromophenyl)(pyrrolidin-1-yl)methanone as 
determined by 1H- and 13C-NMR spectroscopy.29 These reaction 
conditions are mild and require no metal catalyst or hazardous 
reagent. 
Scheme 6. Outline of the oxidative amidation of 4-bromobenzaldehyde with 
pyrrolidine promoted by illumination of P2B. 
Conclusion 
There is tremendous current interest in the development of 
strategies that aid protection of organic chromophores against 
light-induced degradation. This research is driven by the ever-
expanding range of applications being proposed for fluorescent 
dyes and by the emerging fields of single-molecule microscopy 
and super-resolution imaging microscopy. Of the promising 
approaches being advocated, we draw attention to two systems 
that have been shown to bring about major improvements in 
photoprotection; namely, the rapid charge-recombination (with 
or without spin conversion) in geminate radical ion pairs14-16 and 
the covalent attachment of a stabilizer to the chromophore.18-23 
We have designed a pair of new chromophore-quencher 
conjugates that combine key features of the two approaches. 
Thus, illumination of a BOPHY-BHT conjugate, where BHT 
refers to a butylated hydroxytoluene anti-oxidant, in polar 
solution causes light-induced, intramolecular charge transfer. 
The resultant radical ion pair is prone to rapid charge 
recombination, in line with many other such systems,75,76 but loss 
of a proton from the phenolic -radical cation46,47 provides an 
escape route. This deprotonation, which has been recognized for 
certain acridinium-based dyads,77 initiates the photo-bleaching 
process and, in aerated solution, leads to formation of an organic 
hydroperoxide that readily enters into subsequent chemical 
reactions at ambient temperature. Without a suitable substrate, 
the hydroperoxide promotes bleaching of the chromophore. It is, 
therefore, a key intermediate in the cycle and, used properly, 
offers an opportunity to eliminate the sensitizer once any useful 
work is complete. We have demonstrated its utility by driving an 
amidation reaction under exceptionally mild conditions but other 
oxidative syntheses might be possible with the same approach. 
 The reaction kinetics depend on the nature of the local 
environment, possibly reflecting different levels of reactivity of 
key intermediates. Perhaps the most interesting case from a 
mechanistic viewpoint involves nonpolar solutions. Here, the net 
stoichiometry clearly indicates that the primary intermediate 
formed in a photochemical step undergoes reaction with a second 
such species. This reaction destroys one of the chromophores but 
converts the second chromophore to a form that has greatly 
enhanced photostability. This represents a new type of self-
healing.21 Equally important is the effect of a flat aromatic 
solvent, namely benzonitrile, which curtails the initial electron 
transfer reactions and thereby promotes autocatalysis. 
 This work serves to indicate how a damaging reaction, 
namely the photodegradation of a chromophore, can be put to 
good use by, for example, the synthesis of a valuable reagent 
under mild conditions.30,31 Other applications might be imagined 
for the hydroperoxide intermediate. For example, we have shown 
that the CQCs function as photo-initiators for polymerization78 
of methyl methacrylate at room temperature to leave a colorless 
plastic (see Supporting Information). Under visible light, P2B is 
well able to bleach other dyes (notably Chlorophenol Red), 
offering possibilities to design photosystems for antimicrobial 
disinfectation79 and/or removal of toxic wastes.80 Work is 
underway to test the capacity of these CQCs for the sustainable 
epoxidation81,82 of alkenes under green conditions. 
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